To develop more effective vaccines and strategies to regulate chronic inflammatory diseases, it is important to understand the mechanisms of immunological memory. Factors regulating memory CD4 + T helper (Th)-cell pool size and function remain unclear, however. We show that activation of type I invariant natural killer T (iNKT) cells with glycolipid ligands and activation of type II natural killer T (NKT) cells with the endogenous ligand sulfatide induced dramatic proliferation and expansion of memory, but not naïve, CD4 T cells. NKT cell-induced proliferation of memory Th1 and Th2 cells was dependent largely on the production of IL-2, with Th2-cell proliferation also affected by loss of IL-4. Type II NKT cells were also required for efficient maintenance of memory CD4 T cells in vivo. Activation of iNKT cells resulted in up-regulation of IFN-γ expression by memory Th2 cells. These IFN-γ-producing memory Th2 cells showed a decreased capability to induce Th2 cytokines and eosinophilic airway inflammation. Thus, activated NKT cells directly regulate memory CD4 T-cell pool size and function via the production of cytokines in vivo.
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α-galactosylceramide | CD1d KO mice | Jα18 KO mice | STAT5 | allergy I mmunologic memory plays a central role in the immune system, in which memory CD4 T cells may provide protection against infections or cancer and provide the basis for successful vaccines (1, 2) . On the other hand, memory CD4 T cells induce or prolong inflammatory diseases, such as allergic disorders (3, 4) and autoimmune diseases (5) . After antigen recognition by the T-cell receptor (TCR), naïve CD4 T cells undergo clonal expansion and become functionally polarized effector T helper (Th) cells (e.g., Th1, Th2, and Th17 cells) within 1 or 2 wk (6, 7). After antigen clearance, most effector Th cells are thought to undergo apoptotic cell death during a period known as the contraction phase (8) ; however, some effector CD4 T cells escape cell death, differentiate into memory CD4 T cells, and survive for long periods in vivo. Once long-lived memory T cells are established, these cells persist for months and years, accompanied by slow basal turnover and homeostasis (9) (10) (11) (12) , while maintaining the ability to proliferate and produce polarized cytokines on antigen reencounter (13) . In addition, heterogeneity in cytokine production potential is suggested in memory CD4 T cells (3, (13) (14) (15) . However, once memory cells are established, factors that influence memory CD4 + Th-cell pool size and function remain poorly defined.
Natural killer T (NKT) cells belong to a unique lymphoid lineage distinct from T, B, and NK cells. Invariant NKT (iNKT) cells, or type I NKT cells, are characterized by the expression of a restricted TCR repertoire consisting of Vα14-Jα18 in mice and Vα24-Jα18 in humans, with a highly skewed set of Vβs, mainly Vβ8.2 in mice and Vβ11 in humans (16, 17) . The most potent and well-analyzed ligand for the iNKT antigen receptor is a glycolipid, α-galactosylceramide (α-GalCer), which is presented exclusively by CD1d, a monomorphic class Ib molecule (18) . Recently, several investigators have shown that iNKT cells are activated by microbial glycolipids from Shingomonas spp, Borrelia burgdorferi, Mycobacterium bovis, Helicobacter pylori, and Streptococcus pneumonie (19) (20) (21) (22) . Activated iNKT cells play critical roles in the regulation of various immune responses, including infection, allergic inflammation, antitumor immunity, and autoimmune responses, and thus represent a potential immunotherapeutic target with clinical potential (23, 24) . In addition to iNKT cells, other CD1d-restricted, lipid antigen-reactive NKT cells, known as type II NKT cells, are present in humans and mice (25) . Type II NKT cells express biased TCR repertoires and recognize a range of hydrophobic antigens, sulfatide, lysophosphatidylcholine, and even small aromatic molecules (26) . Sulfatide is considered an endogenous ligand for type II NKT cells. Type II NKT cells have an activated or memory-like phenotype and the ability to modulate immune responses, including suppression of autoimmunity and inhibition of tumor rejection (27) .
Given that the effects of NKT cells on T-cell memory remain to be fully defined, we examined the interplay between NKT cells and the memory CD4 Th-cell pool using an experimental system called "memory Th1/Th2 mouse," in which antigen-specific memory CD4 T cells are efficiently generated and maintained in vivo (28) .
Results
Activation of iNKT Cells with α-GalCer-Induced Proliferation of Memory CD4 T Cells, but Not Naïve CD4 T Cells, in Vivo. To examine whether iNKT cells control the generation and maintenance of memory Th2 cells, we used WT and Jα18-deficient (Jα18 KO) mice that lack iNKT cells and produced memory Th2 mice in which ovalbumin (OVA)-specific DO11.10 transgenic (Tg) memory Th2 cells are efficiently generated 1 mo after effector Th2-cell transfer (28) . We administered α-GalCer i.p. to these memory Th2 mice at 30 d after cell transfer (Fig. S1A) . The absolute numbers of memory Th2 cells (KJ1 + donor-derived cells) in the livers of these mice at 3 d after α-GalCer administration are shown in Fig. 1A . We found a dramatic increase in the number of memory Th2 cells in WT mice, but no increase in Jα18 KO mice, indicating iNKT celldependent increases in memory Th2 cells. We assessed cell division in memory Th1 and Th2 cells after α-GalCer administration using a carboxyfluorescein succinimidyl ester (CFSE)-labeling method (Fig. S1B) . We found multiple rounds of cell division in memory Th1 and Th2 cells, but not in naïve CD4 T cells, in each organ tested (Fig. 1B) ; however, the magnitude of increase was smaller than that seen in memory Th2 cells. Cell division was observed in memory Th2 cells even at 3 d after α-GalCer administration (Fig. S1C) . These results indicate that activation of iNKT cells with α-GalCer induced proliferation of memory Th1 and Th2 cells, but not of naïve CD4 T cells.
We next monitored the number of memory Th2 cells in various organs of WT mice after α-GalCer administration, and found that memory Th2 cells increased and peaked in each organ at 3 d after α-GalCer administration (Fig. 1C) . To determine whether the steady-state number of memory Th2 cells is maintained at high levels after iNKT-cell activation, we administered four injections of α-GalCer-pulsed bone marrow-derived dendritic cells (BMDCs) to memory Th2 mice, and 1 mo later assessed the number of memory Th2 cells (Fig. S1D) . To minimize the induction of anergic changes in NKT cells by repeated stimulation (29), we used α-GalCer-pulsed BMDCs for NKT-cell stimulation in this experiment. We found significantly increased numbers of memory Th2 cells in the spleen and liver, indicating expansion of the memory Th2-cell pool (Fig. 1D) .
We observed that the numbers of memory CD4 T cells generated from naïve cells by immunization in vivo are also increased by iNKT-cell activation (Fig. S1E) . Furthermore, we found an increase in naturally occurring CD44 hi phenotypic memory CD4 T cells (Fig. S1F) . We assessed the percentages of CD44 hi and CD44 lo CD4 T cells in the spleen and liver and their cell division at 7 d after α-GalCer administration and found increased percentages of naturally occurring memory CD4 T (CD44 hi ) cells (Fig.  S1G) , and several cell divisions in these CD44 hi cells (Fig. S1H) . To study the effect of activated iNKT cells on endogenous polyclonal memory CD4 T cells, we immunized normal BALB/c mice with keyhole limpet hemocyanin (KLH) and complete Freund's adjuvant (CFA) (Fig. S1I) . The number of CD44 hi CD4 T cells was increased slightly but significantly after α-GalCer administration (Fig. 1E ). In addition, proliferation of memory phenotype CD44 hi CD4 T cells in response to specific antigen was significantly enhanced by the activation of iNKT cells, whereas proliferation of CD44 lo CD4 T cells was not detected (Fig. 1F ). Taken together, these results indicate that the activation of iNKT cells with α-GalCer induces memory Th1/Th2-cell proliferation and expansion of the memory CD4 T-cell pool.
IL-2 Produced by Activated iNKT Cells Induced Proliferation of Memory
Th1/Th2 Cells. We next sought to identify functional molecules involved in the activated iNKT-cell-mediated proliferation of memory Th2 cells. Activated iNKT cells are known to regulate other immune cells by secreting various cytokines (16) . We found that culture supernatant of splenocytes stimulated with α-GalCer was sufficient to induce proliferation of memory Th2 cells (Fig. S2A) . We assessed the mRNA expression of NKT-cell-or memory Tcell-related cytokines in the liver at 3 d after α-GalCer administration ( hi and CD44 lo CD4 T cells purified from the spleens of mice immunized with KLH and CFA. The donor cells and recipient mice used in Fig.1 were BALB/c background. Similar data were obtained from at least three (A and B) or two (C-F) independent experiments. Values are mean ± SEM (n = 5). *P < 0.05; **P < 0.01.
in vitro experiments to examine whether α-GalCer or any of these cytokines can induce proliferation of memory Th2 cells. Memory Th2 cells purified from memory Th2 mice were cocultured with syngeneic whole splenocytes as a source of iNKT cells in the presence of α-GalCer. Neutralizing antibodies against these cytokines were added to the α-GalCer stimulation culture ( Fig. 2A) . Anti-IL-2 and -IL-4 mAbs inhibited the proliferation of memory Th2 cells, whereas anti-IL-7, -IL-15, and -IL-21 mAbs had no apparent effect. These results indicate that IL-2 and IL-4 predominantly induced the proliferation of memory Th2 cells in the α-GalCer stimulation culture.
We next purified memory Th2 cells by cell sorting and directly stimulated these cells with IL-2, IL-4, IL-7, IL-15, and IL-21, and then evaluated their proliferation by [ 3 H]-thymidine incorporation (Fig. 2B) . IL-2 and IL-4 induced substantial memory Th2-cell proliferation, IL-7 and IL-15 induced slight proliferation, and IFN-β, IL-10, TNF-α, and IFN-γ induced no proliferation (Fig.  S2C ). IL-2 induced memory Th1-cell proliferation. Naïve CD4 T cells did not proliferate in response to these cytokines. IL-2-induced [ 3 H]-thymidine incorporation by CD62L hi memory Th1/ Th2 cells was greater than that observed for CD62L lo memory Th2 cells (Fig. S2D) . We labeled the sorted CD62L
hi memory Th2 cells with CFSE and assessed cell division in the presence of IL-2, IL-4, and IL-7. CD62L
hi memory Th2 cells underwent several rounds of cell division after culture with IL-2 and IL-4, accompanied by reduced CD62L expression; IL-7 also had a slight effect in this culture (Fig. 2C) . The α-GalCer-induced up-regulation of IL-2Rα expression was inhibited by anti-IL-2 and anti-IL-4 mAbs, and was almost completely inhibited in the presence of both mAbs (Fig. 2D) . The α-GalCer-induced up-regulation of IL-2Rβ appeared to be more dependent on IL-4. These results indicate that IL-2Rα and IL-2Rβ expression by memory Th2 cells is up-regulated by IL-2 and/or IL-4. IL-2 stimulation did not induce cytokine production (IL-4, IFN-γ, or IL-2) from memory Th2 cells (Fig. S2 E and F) , indicating that autocrine stimulation via IL-2 produced by activated memory Th2 cells is unlikely.
To confirm the importance of IL-2 and IL-4 produced from activated iNKT cells in vivo, we examined cell division of memory Th2 cells after α-GalCer administration in IL-2-deficient mice and IL-4-deficient mice (Fig. 2E) . We found no cell division of memory Th2 cells in IL-2 KO and Jα18 KO mice, but moderate cell division in IL-4 KO mice. These results indicate that IL-2 is the major cytokine responsible for the induction of α-GalCermediated proliferation of memory Th2 cells. The proliferation of memory Th1 cells after α-GalCer administration also appeared to be dependent largely on IL-2 produced by activated iNKT cells (Fig. S3) . Memory CD8 T cells, such as memory Tc1 and Tc2 cells generated in our effector T-cell transfer system (28), also showed a dramatic α-GalCer-induced proliferation that was also largely dependent on IL-2 (Fig. S4) .
We also found that another iNKT-cell ligand, α-glucoronsylceramide (GSL-1), a glycosphingolipid derived from Sphingomonas (22), induced similar effects on the memory T-cell population. After splenocyte coculture with GSL-1′-pulsed BMDCs, IL-2 and IFN-γ production was lower than that induced by α-GalCer, but IL-4 production was comparable (Fig. S5A) . GSL-1′ also induced proliferation of memory Th1 and Th2 cells, which was inhibited by anti-IL-2 (Fig. S5B) . GSL-1′-pulsed CD1d KO BMDCs did not induce the proliferation of memory Th2 cells (Fig. S5C) , whereas both α-GalCer-and GSL-1′-pulsed BMDCs induced cell division of memory Th1 and Th2 cells in the liver (Fig. S5D) . Th2 cells with IL-2, IL-21, and IL-2 plus IL-21 for 30 min revealed that STAT5 phosphorylation was up-regulated by IL-2 or IL-21 and was greatly enhanced by IL-2 and IL-21 together (Fig. S6C) . STAT3 phosphorylation was induced by IL-21 in memory Th2 cells, but was not enhanced by costimulation with IL-2 (Fig. S6D) . Thus, IL-2 appears to up-regulate the IL-21R on memory Th1 and Th2 cells, and IL-21 enhances IL-2-induced proliferation accompanied by enhanced activation of the STAT5 signaling pathway.
Type II NKT Cells Contributed to the Maintenance of Memory Th1 and Th2 Cells. We next examined whether type II NKT cells also contribute to the proliferation of memory Th1 and Th2 cells when activated with an endogenous ligand, sulfatide (30) . Memory Th2 cells were cultured with sulfatide-pulsed BMDCs and splenocytes as a source of type II NKT cells. Increased numbers of BrdU-incorporated memory Th2 cells were observed in the culture with sulfatide-pulsed WT BMDCs, but not in the culture with sulfatidepulsed CD1d KO BMDCs (Fig. 3A) . Sulfatide stimulation induced the production of IL-2 and IL-4, but at lower levels than those induced by α-GalCer (Fig. 3B) . The sulfatide-induced proliferation of memory Th1 and Th2 cells was also dependent on IL-2, as demonstrated by the finding that the addition of anti-IL-2 mAbs to the culture inhibited proliferation (Fig. 3C) . Moreover, sulfatidepulsed BMDCs induced cell division of both memory Th1 and Th2 cells in vivo (Fig. 3D) .
To examine the physiological role of NKT cells in the maintenance of memory Th1 and Th2 cells, we transferred memory CD4 T cells into NKT-cell-deficient mice. Given the unavailability of an appropriate specific marker for type II NKT cells, the most reliable way to study the in vivo function of type II NKT cells is by comparing the results obtained using CD1d KO mice (which lack both iNKT cells and type II NKT cells), Jα18 KO mice (which lack only iNKT cells), and WT mice. In this experiment, we generated memory Th1 or Th2 cells in WT mice; transferred these cells into WT, Jα18 KO, or CD1d KO mice; and then evaluated the numbers of memory Th1 or Th2 cells maintained in the liver after 2 mo. The percentages of memory Th1 and Th2 cells were lower in CD1d KO mice compared with WT mice, whereas the percentages of memory Th1 and Th2 cells in Jα18 KO mice were similar to that of WTmice (Fig. 3E) . The absolute numbers of memory Th1 and Th2 cells were significantly reduced in CD1d KO mice compared with WT and Jα18 KO mice, but the reduced numbers of these cells in Jα18 KO mice was not significant compared with WT mice (Fig. 3F) . The decreases in memory Th1 and Th2 cells in the CD1d KO mice might be related to rejection, given that memory Th1 and Th2 cells express CD1d molecules (Fig. S7A) , and CD1d KO mice might not be tolerant of CD1d. However, the maintenance of CD1d KO memory Th2 cells was also significantly impaired in CD1d KO mice, which excludes the possibility of rejection of CD1d-expressing memory Th2 cells in CD1d KO mice (Fig. S7B) . Moreover, CD1d KO memory Th2 cells were normally generated in WT mice. Therefore, NKT cells play an important role in the maintenance of memory Th2 cells. Taken together, these data indicate that type II NKT cells may be activated by endogenous ligands presented on CD1d and contribute to the maintenance of memory Th1 and Th2 cells. ) prepared from the spleens of memory Th1 and Th2 mice were transferred into syngeneic WT, Jα18 KO, and CD1d KO mice. Sixty days later, percentages and absolute number of memory Th1 and Th2 cells in the liver were assessed. No specific stimulation, such as with sulfatide/BMDCs, was used for this experiment. The donor cells and recipient mice used in this experiments were BALB/c background. Similar data were obtained from at least three independent experiments. Values are mean ± SEM (n = 5). *P < 0.05; **P < 0.01. 30 d after α-GalCer treatment and stimulated these cells with OVA peptide and irradiated allophycocyanin. After iNKT-cell activation in vivo, IL-4, IL-5, and IL-13 production was reduced, but IFN-γ production was increased (Fig. 4A) , indicating acquisition of the Th1 phenotype by memory Th2 cells. The production of (Fig. S8A) .
To assess the effect of activation of iNKT cells on memory Th2-cell function in vivo, we examined memory Th2 cell-dependent allergic airway inflammation (Fig. S8B) . Airway hyperreactivity (AHR) and eosinophillic infiltration were reduced in the α-GalCerinjected OVA-challenged memory Th2 mice compared with PBSinjected OVA-challenged control mice (Fig. 4 B and C) . The leukocytes accumulated in the peribronchiolar regions of the lungs were greatly decreased in the memory Th2 mice treated with α-GalCer (Fig. S8C) . In addition, reduced periodic acid-Schiff staining was evident in the bronchial epithelium of the asthmatic lungs (Fig. S8D) . Furthermore, reduced IL-4, IL-5, and IL-13 production and increased IFN-γ production in bronchoalveolar lavage fluid were detected in samples from α-GalCer-treated memory Th2 mice (Fig. S8E) . Finally, we transferred memory Th2 cells into normal mice and then exposed these mice to OVA to induce allergic responses (Fig. S8F) . AHR and eosinophil infiltration into the airways were reduced in the mice that received memory Th2 cells prepared from mice treated with α-GalCer compared with the mice that received cells from mice treated with PBS (Fig. 4 D and E) . These results indicate that activation of iNKT cells alters memory Th2-cell function and attenuates memory Th2 cell-dependent allergic airway inflammation. We found that IL-2 produced by activated NKT cells induced the proliferation of memory Th1 and Th2 cells, but not of naïve CD4 T cells (Fig. 1) . Because this proliferation is independent of antigen recognition by TCRs, exposure to cytokines such as IL-2 appears to be sufficient to induce memory CD4 T-cell proliferation. IL-2 upregulated IL-2R components, particularly IL-2Rα, on memory Th2 cells (Fig. 2) and facilitated the IL-2/STAT5-mediated proliferation of these cells (Fig. S6C) . We found that memory Th1 and Th2 cells proliferated in response to IL-2 produced by NKT cells activated with GSL-1′, a component of the cell wall of the Gram-negative bacteria Sphingomonas (22) (Fig. S5) . Therefore, iNKT cells likely are activated during bacterial infection, leading to the bystander proliferation of memory Th1 and Th2 cells. In addition to IL-2, both IL-4 and IL-21, which are produced by activated iNKT cells, contributed to the proliferation of memory CD4 T cells (Fig. S6) . IL-4 alone induced the proliferation of memory Th2 cells (Fig. 2B ), but the level was lower than that induced by IL-2. α-GalCer-induced upregulation of IL-2Rα and IL-2Rβ expression was inhibited by anti-IL-4 ( Fig. 2D) , indicating that IL-4 may facilitate the IL-2-mediated proliferation of memory Th2 cells. IL-4 had only a marginal role in the induction of memory Th1-cell proliferation, probably because of the low expression of IL-4R on these cells. IL-21 augmented the IL-2-mediated proliferation of memory Th1 and Th2 cells, accompanied by increased phosphorylation of STAT5 (Fig. S6) . Thus, although IL-2/STAT5-mediated proliferation appears to be of central importance, several cytokines produced by activated iNKT cells may cooperate to induce the proliferation of memory Th1 and Th2 cells.
Discussion
The maintenance of memory Th1 and Th2 cells was significantly impaired in CD1d KO mice lacking both type I and type II NKT cells, whereas no obvious effect was observed in Jα18 KO mice lacking only iNKT cells (Fig. 3) . This finding indicates that type II NKT cells play an important role in maintaining the were purified from the spleens of these mice and then stimulated with irradiated splenocytes (2 × 10 5 ) and antigenic peptide (Loh15) at the indicated concentrations. Three days later, culture supernatants were collected, and cytokine levels were determined by ELISA. (B and C) Thirty days after α-GalCer administration, memory Th2 mice were exposed to OVA aerosol to induce airway inflammation. One day after the last OVA challenge, AHR was assessed by measuring lung resistance. The absolute numbers of leukocytes in the bronchoalveolar lavage fluid are shown. (D and E) Memory Th2 cells were transferred as shown in Fig. S8F , and AHR and leukocyte infiltration were assessed as B and C. (B-E) Values are mean ± SEM (n = 5). The donor cells and recipient mice used in these experiments were BALB/c background. Similar data were obtained from at least three independent experiments. *P < 0.05; **P < 0.01.
steady-state pool size of memory CD4 T cells independent of activation by infectious agents. It is possible that type II NKT cells are activated by endogenous ligands in vivo, thereby controlling the steady-state numbers of memory Th1 and Th2 cells. In fact, sulfatide, an endogenous ligand for type II NKT cells, induced the proliferation of memory Th1 and Th2 cells, again via IL-2 (Fig. 3 ). These data suggest a possible role for sulfatide in the maintenance of memory CD4 T cells in vivo. Although further specific studies are needed to identify the most important endogenous ligands recognized by NKT cells to maintain the memory CD4 T-cell pool, our data indicate an implicit role for NKT cells in the maintenance of T-cell memory.
TCR stimulation in concert with type I and type II IFNs and IL-12 during lymphocytic choriomeningitis virus infection has been found to reprogram effector Th2 cells to Th2+1 phenotype cells by the induction of T-bet (31), indicating that polarized Th cells display a greater degree of functional plasticity than previously believed (6) . Our findings also may indicate that the Thcell function can be modulated in the microenvironment in which memory T cells reside, and that a mixed cytokine secretion phenotype in memory Th cells can be induced particularly in the peripheral tissues, where various microorganisms interact with the regional immune system under physiological conditions. It will be interesting to study the factors induced in the microenvironment that can modulate the function of memory Th cells in various in vivo infectious and disease models.
In summary, we have demonstrated that activation of NKT cells induces the proliferation of memory CD4 + Th1 and Th2 cells through the production of IL-2. This may occur during infection and also even in steady state to control maintenance of the memory CD4 T-cell pool in the body. In addition, activated NKT cells alter the function of memory Th2 cells. Therefore, NKT cells control the quantity and quality of memory CD4 T cells in vivo, and thus the current study may provide insight into the immunoregulatory role of NKT cells in vaccine development for infectious diseases, as well as the pathogenesis of chronic allergic disorders and autoimmune diseases.
Materials and Methods
Generation of Memory Th1 and Th2 Cells in Vivo. Memory Th1 and Th2 cells were generated as described previously (28) . In brief, CD4 T cells from DO11.10 OVA-specific TCR Tg mice or OT-II Tg mice were stimulated with specific OVA peptides (Loh15) plus allophycocyanin for 6 d in vitro under either Th1 or Th2 conditions. These effector Th1 or Th2 cells (3 × 10 7 ) were transferred i.v. into syngeneic recipient mice (BLAB/c, C57BL/6, BALB/c nu/nu, or TCR-βδ KO mice).
Cell Division Assay. For analysis of cell division by CFSE staining, donor memory Th1 or Th2 cells were generated in BALB/c nu/nu or TCR-βδ KO mice, isolated with a CD4 T-cell isolation kit and AutoMACS separator (Miltenyi Biotec), and then labeled with CFSE (Invitrogen). The day after adoptive transfer into syngenic mice, recipient mice were injected i.p. with α-GalCer (100 μg/kg) or PBS. Six days later, donor T cells were analyzed by flow cytometry.
